This paper presents and investigates a novel technique for the footprint and thickness-independent selective release of Au-Si eutectically bonded microstructures through the localized removal of their eutectic bond interface. The technique is based on the electrochemical removal of the gold in the eutectic layer and the selectivity is provided by patterning the eutectic layer and by proper electrical connection or isolation of the areas to be etched or removed, respectively. The gold removal results in a porous silicon layer, acting similar to standard etch holes in a subsequent sacrificial release etching. The paper presents the principle and the design requirements of the technique. First test devices were fabricated and the method successfully demonstrated. Furthermore, the paper investigates the release mechanism and the effects of different gold layouts on both the eutectic bonding and the release procedure.
Introduction
For years, bonding substrates have been an important process in the fabrication of microelectromechanical systems (MEMS), since it allows the fabrication and packaging of complex devices as well as the heterogeneous integration of materials [1, 2] . The MEMS devices fabricated with waferbonding technologies often feature moving structures that must be released during the fabrication process.
In general, to allow a structure to move, its connection to the underlying layer must either be inhibited while the structure is fabricated or the underlying layer must be removed. This paper focuses on structures fabricated using wafer-towafer bonding technology, for which there are basically two methods to allow for a moving structure. The first method is the localized bonding of areas to be bonded while avoiding the bonding of the moving structures to the underlying substrate. The second method is a bond-and-release approach, in which a full wafer bond is followed by the removal of the bond interface material underneath the structures to be released.
Localized bonding between two substrates can be obtained using two different principles. The first principle is to modify the interface material prior to bonding, defining bonding and non-bonding areas. Examples of patterned bond interface layers include adhesive layers applied only on areas where bonding is desired [3] and bond blocking layers such as gold or platinum defining local non-bonding areas in anodic bonding [4] . The second localized bonding principle is to use heat triggered bonding methods and to localize the heat to the desired areas of the bond interface. Examples of this approach include integrated heaters for both localized eutectic and silicon fusion bonding [5] , localized soldering using inductive heating [6] as well as local heating using lasers [7] . In localized bonding, the non-bonded parts are either fallout structures or they must remain mechanically connected to the bonded parts by mechanical supports to prevent them from falling out during the remaining process steps. The removal of mechanical support structures through dicing or through controlled fracture has been shown [8, 9] . However, such break-away structures limit the design freedom and potentially (a) Sacrificial underetching without etch holes, with footprint area determining selectivity; (b) sacrificial underetching with etch holes, allowing to selectively release structures independent from the footprint area; (c) localized removal of the bonding layer only underneath the structure to be released, allowing for the footprint and thickness independent selective release of structures.
increase the footprint area of the MEMS device. Furthermore, the moving structures could be damaged while removing the support structures.
In wafer-to-wafer bonding technology, moveable structures are in most cases fabricated using a bond-andrelease scheme, i.e. all structures are bonded and the structures to move are released at a later stage of the fabrication process by removing their underlying bonding layer. This method is based on wafer-bonding methods with intermediate bonding layers that can be sacrificially etched with a high selectivity. Examples of such intermediate bonding materials are silicon dioxide [10] and polymers [2, 11] . It should be noted that processes using the buried oxide in silicon-on-insulator (SOI) wafers as sacrificial layer can be considered as bond-andrelease technology. To the authors' knowledge there are no reports on bond-and-release technology other than for polymer and silicon dioxide bonding layers. Figure 1 overviews the sacrificial etching methods described below.
In general, there are two restrictions for the sacrificial underetching. First, for underetching large structures the whole substrate is exposed to the etchant for a long time, which may result in device destruction in harsh chemical environments such as hydrofluoric (HF) acid for the etching of oxide sacrificial layers. Second, the width of the structures to be released by fully underetching must be considerably smaller than the width of the structures to remain bonded, otherwise all structures will be underetched and released ( figure 1(a) ). Both issues are usually addressed by integrating etch holes in the structures to be underetched ( figure 1(b) ). These etch holes drastically minimize the distance to underetch, which results in two benefits. They allow both for a faster underetching, minimizing the exposure to harsh chemical environments and for the underetching of structures with a larger footprint area than the structures to remain bonded. However, the etch holes potentially decrease the mechanical stability and the performance of the structures to be released. Furthermore, the fabrication of such etch holes is feasible only for structures consisting of thin layers, such as thin silicon layers for micromirror arrays [12] . If the moving structures are hundreds of micrometer thick, etch holes are difficult to fabricate with the required aspect ratio. Yet, without the etch holes the sacrificial underetch technique does not allow us to locally release selected structures with a larger footprint area than structures to remain bonded.
A technique for releasing structures without additional etch holes can be provided by localized removal of the bonding layer ( figure 1(c) ). An example for localized removal is the localized laser ablation of a polymer bonding layer [13] . However, this technology is limited to polymer bonding with a bond substrate that is transparent to the laser wavelength and a bond polymer that strongly absorbs the laser energy. For bonding technologies based on metal intermediate layers, an alternative and flexible approach is based on electrochemical etching of the intermediate metal layer in a neutral salt solution. This principle has been shown for surface micromachined structures [14] , where an aluminum layer was electrochemically sacrificially etched. However, to the authors' knowledge there are no reports on sacrificial etching of metallic wafer bonding layers.
The current work introduces, successfully demonstrates and investigates for the first time the localized removal of the bonding layer between gold-silicon (Au-Si) eutectically bonded substrates.
Background

Localized electrochemical etching of gold layers
The release etch method described in this work is based on the electrochemical etching of gold in a chloride solution, as described in previous work [15] . This process has been used in microfabrication for electrochemical etching of gold seed layers [16] and of gold sealings of hollow microneedles for drug delivery [17] , for the in vivo release of drugs [18] as well as for the localized removal of a gold layer during the fabrication of three-dimensional silicon-on-insulator based radio-frequency transmission lines [19] . Figure 2 illustrates the principle of the localized electrochemical gold etching. On a substrate, a gold layer is deposited using an adhesion layer such as titanium-tungsten (TiW). The latter is crucial for the gold etching, as described below. The metal films are deposited on a dielectric substrate to eliminate any unwanted electrical short circuits. To allow for a localized etching of the gold layer, selected areas of the gold layer should be connected to the etching potential while remaining areas must be electrically isolated. For the etching, the device is submerged in a sodium chloride (NaCl) electrolyte solution and the electrochemical cell is provided by coupling the selected gold areas as anode and a gold counterelectrode as cathode (figure 2(b)). Applying a constant voltage versus a reference electrode drives the electrochemical etching of the connected gold areas. Because of non-uniformities in the gold layer thickness and local high field strengths caused by either surface roughness or by the geometry of the design [19] , the gold layer can locally etch faster and form gold islands. However, the electrical contact is always ensured through the underlying adhesion layer, which is not attacked by the electrochemical etching. In the previous work [19] , experiments showed that with titanium and Ti 30 W 70 adhesion layers the gold was removed completely, while with chromium adhesion layers the gold etching stopped prematurely. Figure 2 (c) illustrates the result of the electrochemical gold etching. The selected gold is removed and the underlying adhesion layer remains. In the last step (figure 2(d)), the exposed adhesion layer is etched using a standard wet chemical etch process, such as etching of the TiW in hydrogen peroxide (H 2 O 2 ).
Eutectic Au-Si bonding
During eutectic bonding the involved materials form a eutectic mixture at temperatures much lower than their melting temperatures. The most common eutectic bonding material combination in MEMS is silicon and gold, which forms a eutectic mixture at a relatively low temperature of 363 • C. The bonding mechanism is well described in the literature [20, 21] and requires gold on one substrate surface and silicon on the other substrate surface. The silicon surface can be provided by several means. The first approach is to provide a silicon surface using a standard silicon wafer. A second option is to deposit a polysilicon layer [22] on a substrate made of any material compatible to the fabrication conditions. A variant of the second approach is provided by a siliconon-insulator (SOI) wafer. This option provides the advantage that the buried oxide (BOX) layer acts as diffusion barrier for the gold. Hence, the structures fabricated in the silicon layer which is not bonded are not influenced by the eutectic formation. During the bonding the two substrates are pressed against each other and heated above 363
• C to start the eutectic formation. Investigations of the applied pressure and temperature can be found in the literature [20, 21, 23, 24] .
Design of localized electrochemical etching of the eutectic bonding layer
The release etch technique presented in this paper is based on the localized electrochemical etching of the Au-Si eutectic bonding layer, however, the principle is applicable to any metallic bonding layer.
To ensure that only specific areas are etched while other remain unetched, the bonding layer must be properly patterned so that all areas to be etched can be electrically connected to an etching potential while all structures not to be etched are isolated. Figure 3 illustrates how a patterned eutectic layer is achieved.
The adhesion layer and gold layer on substrate 1 is patterned to define electrically isolated etch and non-etch areas. The areas are isolated to each other either by a underlying thin dielectric layer, such as thermal silicon dioxide (SiO 2 ), or by a dielectric substrate such as a glass wafer.
To ensure that there is no electrical short circuit through the silicon of substrate 2 after the eutectic bonding, an electrical isolation between the different areas can be provided by removing the silicon between the structures. Figure 3 illustrates how to pattern the device layer of a SOI wafer to provide an electrical isolation of the silicon surface. 
Fabrication of first test devices
For the first test devices fabricated in this work, the silicon surface was provided by a 300 μm thick bulk silicon wafer and the other substrate was a glass wafer for visual inspection. Figure 4 illustrates the fabrication flow for the test structures. Figure 4 (a) illustrates how the glass substrate was prepared. A 30 nm thick Ti 30 W 70 adhesion layer followed by a 500 nm thick gold layer were sputter-deposited on a glass wafer. The TiW layer is necessary both for a good adhesion of the Au to the substrate and to ensure the electrical connection to the eutectic layer during the whole electrochemical etching time. Then, the metal layers were patterned to define the areas During the cooling step of the eutectic bonding, the silicon and the gold separate with the silicon forming columns through the gold layer and locally bonding to the countersubstrate.
that will be electrochemically etched. The different patterns were isolated from each other by the dielectric glass substrate. Furthermore, different layer layouts for the TiW and the gold were tested to test their influence on the bonding and release etch process, however, this will be addressed in detail in the evaluation section of this paper. Figure 4 (b) illustrates how the other substrate with the silicon surface is prepared. The silicon was provided by a standard 300 μm thick 100 silicon wafer, which was etched in two steps using deep reactive ion etching (DRIE) to remove all conductive silicon between the structures. Figure 4(b) shows the silicon wafer after the first DRIE step. Next, the wafer was prepared for the eutectic bonding by sputter etch removal of the native oxide, followed by in situ sputter deposition of 500 nm gold directly on the silicon ( figure 4(b) ). The in situ deposition of gold onto the silicon surface inhibited the native oxide formation on the silicon surface, allowing for a successful eutectic bonding.
Then, the wafers were aligned with the gold sides facing each other and bonded for 10 min in vacuum at 400
• C and 1 bar load pressure ( figure 4(c) ). After the bonding, the remaining silicon between the fallout-structures and the structures to remain was removed during a second DRIE step ( figure 4(d) ). The TiW layer on the glass substrate was attacked by the DRIE gases, however, the devices were still functional for the evaluation.
After the second DRIE step, the wafers were diced into single chips (not illustrated in figure 4 ). Figure 5(b) shows a photograph of a chip before the release etching, identifying which structures should remain bonded and which should be released. Furthermore, figure 5(b) shows that the gold surrounding some of the silicon structures disappeared. Investigations indicate that the gold was consumed by the silicon structures during the eutectic bonding, however, this will be addressed in detail in the evaluation section of this paper.
To test the electrochemical etching of the eutectic layer, the chips were submerged in 5 M NaCl electrolyte, which was degassed in a vacuum chamber to ensure the complete filling between all the structures on the chip. The electrochemical etching was performed as described in section 2.1. A probe needle was used to contact the common TiW layer connected to the eutectic layer underneath the silicon structures to be released, while the other structures remain electrically isolated. The eutectic layer was coupled as the anode of the electrochemical cell and a gold electrode was used as the counter electrode. A constant voltage of 1.1 V versus an Ag/AgCl KCl saturated reference electrode was applied to drive the electrochemical etching of the connected gold layers ( figure 4(e) ). While the gold was removed, the electrical contact was always ensured through the TiW adhesion layer, which is not attacked by the electrochemical etching.
After the electrochemical etching of the connected gold ( figure 4(f ) ), a TiW wet etch was necessary to completely release the structures ( figure 4(g) ). The reasons for the TiW etch are investigated in detail in the evaluation section. For the TiW etching, the structures were submerged in H 2 O 2 which was degassed in a vacuum chamber to ensure the complete filling of all structures. Figure 5(c) shows a photograph of a chip after the release etching, showing that the structures were either still bonded or fully released.
Evaluation
Investigation of the release mechanism
The experiments in this study have shown that the electrochemical gold etch alone is not sufficient to fully release the silicon structures ( figure 4(f ) ). To clarify this issue, the bond interface was studied in more detail. The glass was removed by underetching the TiW for more than 24 h in H 2 O 2 and figure 6(a) shows a SEM picture of the bond interface of the silicon surface after the eutectic bonding step.
The bond interface consists of two phases with mainly gold and some silicon spots distributed across the surface. Figure 6 (b) shows a SEM picture of the same surface after electrochemically etching the gold. The picture shows that after the gold has been removed, a porous silicon layer remains. During cooling after bonding, the silicon and the gold separate from each other [25] . The silicon phase grains grow, driven by surface energy minimization, and the size of the Si islands in the Au phase depends inversely on the temperature cooling ramp [26] . In our commercial bond equipment (Karl-Suss SB6 VAC), the maximum cooling ramp is limited. As a result, the silicon forms columns through the gold layer, thereby bonding the silicon of substrate 2 to the TiW on substrate 1. As a consequence, two etch steps are necessary to release the silicon structures after the eutectic bonding.
First, the gold in the eutectic layer underneath the structures to be released must be electrochemically etched. Figure 7 (a) shows a typical etch current curve when electrochemically etching the gold in the eutectic layer. In the beginning, the exposed gold at the surface is etched rapidly. Then, the etch current decreases since the gold etching is getting increasingly mass transport limited. Figure 7 (b) shows measurement points indicating the underetch distance depending on the electrochemical etch time.
Then, after the gold is removed, the TiW underneath the remaining silicon columns must be sacrificially underetched to fully release the silicon structures. For the TiW etching, the chip is submerged in H 2 O 2 . The porous silicon fulfills a similar function as standard sacrificial etch holes by drastically minimizing the underetch distance.
The diagram in figure 8 shows the time necessary to etch the TiW in degassed H 2 O 2 , both for the TiW underneath electrochemically gold etched and non-gold etched eutectic layers, versus the underetch length under the attached silicon structures. The graph for the TiW etch underneath the porous silicon layer shows that all the attached silicon structures were released after approximately 1 h of TiW etching. The measurements for the TiW etch underneath the non-etched eutectic layer show, that after 1 h of etching the silicon structures are underetched approximately 3 μm, indicating a maximum width of the bonded silicon of 6 μm. Considering some overetching time, this value fits to the dimension of the silicon columns estimated to 3-4 μm from the SEM picture in figure 6(a) .
In a summary, the electrochemical etching allows us to locally remove the gold in the eutectic layer, creating a porous silicon layer. The porous silicon layer, similar to standard etch holes, drastically minimizes the underetch distance and provides a large selectivity when sacrificially etching the TiW underneath structures to be released and to remain bonded. Figure 10 . SEM pictures of (a) the silicon outflow during the eutectic bonding at the edges of the silicon structure, when the gold layer is wider than the silicon structures and (b) the resulting silicon residues after the release etch procedure.
However, in contrast to the etch holes, the porous silicon layer underneath the structures does not influence the mechanical performance of the structures, it allows for footprint and thickness independent release of silicon structures and it eliminates any complicated high-aspect ratio etching process to fabricate standard etch holes.
The released silicon structures are porous at the bond interface side, with the porous layer being approximately 2 μm thick. If needed, a short silicon wet etch removes the porous silicon layer [27] . Figure 9 shows the porous silicon layer ( figure 9(a) ) and the silicon surface after etching the porous silicon on a released structure ( figure 9(b) ) for 30 min in 50% KOH at approximately 45
• C. An alternative is to provide both the gold and the silicon as thin layers on top of the TiW. Then, the eutectic layer is sandwiched between two TiW layers and the porous silicon formed is released from both surfaces during the TiW etch. Yet another method, avoid eutectic bonding altogether, would be to use a different metallic bonding method, such as thermocompression bonding [2] .
Layout variations of TiW and gold and their effects
The eutectic layer must be patterned to allow for the selection of the structures to either remain bonded or to be released. One part of providing a patterned bonding layer is to pattern the metal layers on substrate 1 (figure 3).
It was found that the layout of the metal in relation to the layout of the bonded silicon structures has a considerable influence on the eutectic bonding and as a consequence on the release etch results. Figure 5(a) illustrates the different combinations of TiW and gold layout on substrate 1.
For the structures to remain bonded ( figure 5(a) , layout 1), their underlying eutectic layer must be electrically isolated from the etching voltage. In this work, the isolation was provided by removing both the TiW and the gold layer except for underneath the silicon structures. Hence, in the crosssection the width of both the TiW and the gold layer was the same as the width of the silicon structures. Figure 5(c), layout 1 shows that the structures were still bonded after the release procedure.
For the structures to be released, the eutectic layers were electrically interconnected by a common TiW layer, however, several designs for the TiW and gold layer layout were tested. In the most straightforward design, both TiW and gold are not patterned and form a closed layer, only partially covered by the silicon (figure 5(a), layout 2). Hence, in the crosssection both the TiW and the gold layer were wider than the silicon structures. The experiments have shown that during the eutectic bonding the gold in between the silicon structures is partially consumed by the silicon, exposing the underlying TiW layer (figure 5(b), layout 2). After the release etching, silicon residues remain in the shape of the released silicon structure (figure 5(c), layout 2). Previous work [23] suggests that during eutectic bonding the silicon flows into the gold. Figure 10 (a) shows a SEM picture showing the silicon flowing out into the surrounding gold and figure 10(b) shows a SEM picture of the silicon residuals which remain after the release etching.
To prevent the silicon outflow, both TiW and gold were removed around the edges of the silicon structures as illustrated in figure 5(a) , layout 3. The electrical interconnection to the surrounding TiW and gold layer was provided by thin TiW/gold interconnections. However, figure 5(b), layout 3 indicates that the silicon is still flowing out via the thin interconnections and the gold is partially consumed by the silicon. Also here, silicon residues remain after the release procedure ( figure 5(c), layout 3) .
Finally, in the last design (figure 5(a), layout 4) the gold was fully removed except for underneath the silicon structures. The TiW layer is not patterned and ensures the electrical connection throughout the electrochemical etching. Since there was no gold except for underneath the silicon structures, the silicon could not flow out during the bonding ( figure 5(b), layout 4) . After the release etch procedure, all silicon structures were released without any residues (figure 5(c), layout 4), indicating that this design is the bestsuited design for the release etching.
In a summary, the results indicate that the gold layer should be removed except underneath the silicon structures. The selection of which structures to release is provided by patterning the TiW layer, either electrically connecting the gold underneath the silicon structures to be released or electrically isolating the gold underneath the silicon structures to remain bonded.
Conclusion
This paper presents and investigates a novel technique for the localized removal of the bonding layer underneath Au-Si eutectically bonded silicon microstructures. The method is based on patterning the bonding layer and locally removing the selected areas by electrochemical etching. This method is general and allows for the footprint and thickness independent selective release of microstructures fabricated with eutectic bonding, not requiring mechanical support structures or etch holes. First test devices were fabricated and the presented method successfully demonstrated.
